INTRODUCTION
Throughout the last decade we have witnessed an increasing interest in frequency swept light sources due to their great potential within a variety of different applications. A promising version of such a source is the lightwave synthesized frequency sweeper (LSFS), which works by changing the carrier frequency in small discrete steps as a function of time. Since it was first described in 1990 [1] , it has been investigated in a number of publications where the main effort has been to maximize the sweeping range of the LSFS through clever use of sweeping filters, polarization control, etc. [2] [3] [4] . Potential applications of the LSFS cover many different areas, such as WDM systems [5] , medical imaging [6] , dispersion measurement [7] , and remote sensing of the atmosphere [8] . Theoretically the LSFS has successfully been described in [9] , by assuming that the total power in the configuration used was constant at all times, and consequently the previously reported work was not capable of predicting the shape of individual pulses.
In [10] we experimentally demonstrated for the first time an LSFS using a Raman amplifier for loss compensation. In this work we present a numerical model of the LSFS that predicts both the shape of the individual pulses and the envelope of a train of pulses. In addition, we compare the results of the numerical model against detailed experimental measurements of the LSFS. The goal of the combined numerical and experimental effort is to design an LSFS that generates a high number of pulses in succession while maintaining a flat overall envelope.
EXPERIMENTAL SETUP
The experimental setup is shown in Fig. 1 . It consists of a fiber optical ring with a Raman amplifier, a fixed bandpass filter (BPF) with an FWHM of 0:84 nm, and an acousto-optic modulator (AOM). Light is coupled in and out of the ring through a 3 dB coupler. The Raman amplifier is a 3:17 km long high gain Raman fiber from OFS Fitel Denmark, backward pumped through a WDM coupler by a 1455 nm fiber laser. The Raman fiber has a gain coefficient of 2:44 ðW · kmÞ −1 at 1453 nm and attenuation of 0:40 dB=km at 1450 nm and 0:31 dB=km at 1550 nm. An isolator heavily attenuates residual pump light and ensures one way circulation in the ring. To generate the first pulse, a 1565 nm CW fiber laser with a linewidth of less than 10 kHz from Koheras and an AOM were used. The resulting pulse train is monitored using an InGaAs photodetector and an oscilloscope.
The first pulse within the LSFS is created by modulation of the CW signal by the input AOM, and the coupler directs half of the pulse power to the photodetector and the other half into the ring. In the ring the pulse is amplified by the Raman amplifier and passes through the BPF, whereas spontaneous emission from the amplifier at wavelengths away from the signal wavelength is heavily attenuated, and noise in the ring is thereby limited. In the AOM inside the ring the frequency of the pulse is shifted 40 MHz. After a full revolution in the ring, the coupler again directs half of the pulse power to the output and the other half to the ring, where it is again amplified and frequency shifted 40 MHz. In this way an output that, over time, is swept in discrete steps of 40 MHz is created. The pulse train is terminated by closing the AOM inside the ring.
To obtain a stable pulse train, two parameters are important to optimize. First of all, the gain of the amplifier should match the loss in the ring experienced by the pulses, thereby ensuring all pulses have the same output power. Second, the pulse length should not be longer than the round-trip time, because pulses will then leak into each other and consequently obscure the spectrum. However, by carefully matching the pulse length and the round-trip time, an output that is nearly constant in time and in which each pulse has only one distinct signal frequency is obtained. A limiting factor in the practical case is the finite closing time of the input AOM. The transmission is reduced by 90% in 120 ns, but the time it takes to extinguish the last 10% of transmission is longer than 1 μs, and the transmission in this regime falls off exponentially. In order to prevent the tail of exponential decay from leaking into the following pulse, it is necessary to set the pulse length a few microseconds shorter than the ring round-trip time. It is noted that even though seeded by a laser, the ring does not operate as at laser cavity, since the frequency is shifted for each revolution.
SIMULATION
The approach in the numerical simulation is to include all physical effects that influence the LSFS and, thus, to neglect effects not affecting the LSFS. Dispersion is neglected due to the use of spectrally narrow pulses with a frequency bandwidth defined by the laser linewidth, and for the same reason the signal is simulated as monochromatic waves [11] . Because of the backward pumped Raman amplifier, the polarization dependence of the amplifier is not considered [12] , and due to the frequency shift induced for each circulation of the ring and the down time between pulses, laser conditions are not required. Furthermore, stimulated Brillouin scattering, recaptured Rayleigh scattering, and backward propagating amplified spontaneous emission (ASE) are neglected due to the low power circulating in the ring at each frequency and the elimination of backward traveling light obtained by the isolator. Finally, scalar propagation equations are used.
In the simulation each component within the ring, except the fiber amplifier, is described by a transfer function in the time and frequency domains, respectively. The fiber amplifier is described using propagation equations. For each round trip of the ring, the signal power is propagated through each of the elements in the same order as in the physical ring. The 3 dB coupler, WDM coupler, and isolator are all simulated as a simple loss of power corresponding to the experimentally measured attenuation. The loss of the BPF is wavelength dependent and is fitted to the measured loss as a Gaussian function. The loss of the AOMs is simulated as a time dependent loss corresponding to the measured response function. The frequency shifts induced by the AOMs are simulated by defining the signal power as an array, representing monochromatic waves with a spacing equal to the shift induced by the AOMs (40 MHz), and then shifting the entire array each time it passes through the AOM.
The Raman fiber amplifier is simulated by solving the dynamic propagation equations [12] [13] [14] 
and
where z is the distance along the fiber, t is the time, V p;s g is the group velocity, P p is the pump power with frequency ν p , and g R is the frequency dependent Raman gain coefficient. i is the frequency index of the signal power, P s;i is the signal power of frequency ν s;i , and h is Planck's constant. α s and α p are the loss of the signal and pump, respectively. The signal loss is assumed to be the same for all signal frequencies. The first term on the right hand side of Eq. (1) accounts for the depletion of the pump due to the signal. In the following we demonstrate that this term has a significant impact on the pulse shape. The last term on the right hand side accounts for attenuation of the pump.
In Eq. (2) the first term on the right hand side describes gain, the second term attenuation, and finally the last term in Eq. (2) describes the spontaneous emission at the ith frequency in a frequency bandwidth B of 40 MHz and the phonon occupancy factor
where Δν is the frequency difference between signal and pump, k B is Boltzmann's constant, and T is the absolute temperature.
The dynamic propagation equations [Eqs. (1) and (2)] are solved by discretization of the Raman fiber into sections Δz and using a retarded time frame following signal and pump power by introducing the variables ζ þ ¼ z þ t=V g and ζ − ¼ z − t=V g , respectively. The group velocity V g has here been assumed to be the same for all signal and pump frequencies. The equations then reduce to
By discretizing the Raman fiber and using the retarded time frame, the signal and pump powers are also discretized into time segments Δt of corresponding lengths Δt ¼ Δz=V g . Equations (4) and (5) are solved for each spatial section and corresponding time segment for each power segment of the pulse train. The initial condition for the simulation is given by the steady state solution of Eqs. (1) and (2) at zero signal power.
The pulse train is generated by stepping through all time segments defined by the discretization of the Raman fiber. An array representing the power of the seed laser is predefined in time such that it generates the initial pulse and the leak power defined by the input AOM. For each time step the power from the seed laser array is added to the output of the ring at a corresponding time through the coupler and stepped through the individual components of the setup. The part of the array representing light leaking through the input AOM Fig. 1 . Sketch of the experimental setup. Optical fibers are illustrated using full lines, and electrical wires, dashed lines. The inserts at the top are, from left to right, CW seed laser power, initial pulse modulated by the input AOM, and the resulting pulse train emitted from the LSFS.
acts as the initial noise, which continues to grow due to the continuing addition of leaked light and spontaneous emission. The resulting power segment is then the output power at a time corresponding to the input time plus the travel time around the ring. The pulse train generated by the LSFS is a result of the modulated seed laser added with the output signal through the coupler for each time step.
RESULTS
An example of a measured pulse train consisting of 116 pulses, each 10 μs long, a seed laser power of 5 mW, and a pump laser power of 363 mW is shown in Fig. 2 , together with the corresponding simulation. The graph shown in the figure represents an average over 200 pulse trains. Figures 2(a)-2(c) show closeups of five pulses from the beginning, the middle, and the end of pulse train together with the simulation (dashed curve). The power has been normalized to the peak of the second pulse, since this is the first pulse that has propagated through the ring. The first pulses are clearly not rectangular, which is due to the finite response time of the input AOM. The pulse shape, however, rapidly changes, and in the middle of the train the power of the leading edge is stronger than the power of the trailing edge. This effect is due to depletion of the pump by the leading edge of the pulse, and because the pulse recirculates in the ring, the effect reinforces itself, leading to a larger and larger difference between the leading and the trailing edges of the pulses. This is seen in the last five pulses of the pulse train, where the leading edge has grown to be stronger than, not only the trailing edge, but also the preceding pulses, and the trailing edge has correspondingly dropped. The simulation is seen to predict the measured pulse train accurately. This agreement between measurement and simulation was only achieved when pump depletion was included in the simulations. Figure 2(d) shows a comparison of the envelopes of the measured (circles) and the simulated (solid curve) pulse train in their full lengths. Because the pulses become almost sawtooth shaped toward the end of the pulse train, four different points of comparison have been defined for each pulse: the peak, the mean pulse power, the trailing edge of each pulse, and the bottom level, defined as the mean power between the pulses. In the beginning the three graphs, representing the pulse powers, are seen to decay slightly, but after around 0:8 ms, the mean power and the peak power start to rise, whereas the trailing edge continues to fall. For the mean power this behavior of falling and then rising is consistent with what has earlier been described in, e.g., [9] . Also, for this full length comparison, the simulation is seen to fit very well with the measurement, but with a slight deviation toward the end. It is noted that every other pulse is higher than the neighboring pulses. This phenomenon is especially pronounced for the peak of the pulses but is not found in the simulations. Figures 2(a)-2(c) show a bottom level that is mainly due to the finite response time of the input AOM. However, from this level the buildup of ASE can be deduced, because an increase in the power level at the bottom must be attributed to the growth of ASE. In our pulse train the bottom level is flat around 5 · 10 −2 in the normalized units, and thus for this pulse train ASE does not grow significantly before the pulse train is terminated. Figure 3 shows a pulse train in which the seed laser power has been increased to 11 mW, while all other parameters have been kept constant as compared to the pulse train shown in Fig. 2 . Again the power has been normalized to the peak of the second pulse. It is clear from the closeups both at the middle and at the end of the pulse train that the leading edge of the pulses grows up even more at the expense of the trailing edge than what was seen in Fig. 2 . This is because of the shaping of the pulses caused by depletion of the pump, and with a higher signal this becomes more pronounced. In contrast to Fig. 2 , the pulse power is seen to fluctuate more in the beginning of this pulse train than in the end. The simulation cannot replicate this, and the overall fit between measurement and simulation is not as good in the beginning of the pulse train as in the previous example. Toward the end of the pulse train the fluctuations become less pronounced, and the simulation agrees better with the measurements. However, in the end of the pulse train the shaping of the pulses becomes so strong that the simulation cannot reach the same peak power as the measurement, and a deviation between the measured and simulated pulse train is seen. Again the bottom level is flat, but here with a slightly lower value of around 4 · 10 −2 in the normalized units.
One of the goals of the work presented here has been to obtain as flat a pulse train as possible, and therefore the number of pulses has been limited to 116. However, since noise does not seem to grow up in this case, there should be nothing to hinder an increase in the number of pulses generated at the expense of a less flat pulse train envelope. We predict that, perhaps in combination with a wider bandpass filter, generating pulse trains consisting of more than 500 pulses should be possible.
CONCLUSION
A lightwave synthesized frequency sweeper comprising a Raman amplifier for loss compensation has been demonstrated experimentally, and a numerical model capable of predicting the measured data has been developed. The LSFS generates a sequence of pulses in which the pulse rate is determined by the length of the ring and the number of pulses in one pulse train is determined by an acoustic modulator located inside the ring.
The numerical model accurately predicts the evolution of signals in the time domain. The model includes all components in the ring setup and their spectral characteristics. The input parameters for the model are deduced from careful measurements of each individual component in the LSFS. The output of the model is compared against experimental data, and excellent agreement is demonstrated.
The output of the ring has been optimized with respect to generating an output where the peak amplitude of each pulse is equal to the amplitude of the neighboring pulse. A pulse train with a flat envelope consisting of 116 individual pulses, each being 10 μs long, has been demonstrated with no buildup of spontaneous emission. We have shown that the shape of the initial pulse is defined by the input acoustic modulator, but as the pulse train evolves, the shape of the pulses is eventually defined by the depletion of the amplifier pump. As a consequence, a large difference between the leading and trailing edges of the pulses is found. This effect seems unavoidable, and to the best of our knowledge there is no simple solution to this. The long-term stability of the setup has not been investigated in detail, but during operation no significant instabilities have been encountered. We believe that for long-term stability, stable seed laser and pump laser sources are the most critical. Fig. 3 . Pulse train consisting of 116 pulses, a seed laser power of 11 mW, and a pump laser power of 363 mW. (a)-(c) Closeups of five pulses in the beginning, the middle, and the end of the pulse train. Solid curves represent measured data, and dashed curves, simulated data. (d) Pulse train envelopes for the bottom, the trailing edge, the mean, and the peak of the pulses. Solid curves represent simulated data, and circles, measured data.
